Pulmonary hypertension (PH) is common in patients with chronic kidney disease (CKD) and associated with increased mortality but the hemodynamic profiles, clinical risk factors, and outcomes have not been well characterized. Our objective was to define the hemodynamic profile and related risk factors for PH in CKD patients. We extracted clinical and hemodynamic data from Vanderbilt's de-identified electronic medical record on all patients undergoing right heart catheterization during 1998-2014. CKD (stages III-V) was defined by estimated glomerular filtration rate thresholds. PH was defined as mean pulmonary pressure ! 25 mmHg and categorized into pre-capillary and post-capillary according to consensus recommendations. In total, 4635 patients underwent catheterization: 1873 (40%) had CKD; 1518 (33%) stage 3, 230 (5%) stage 4, and 125 (3%) stage 5. PH was present in 1267 (68%) of these patients. Post-capillary (n ¼ 965, 76%) was the predominant PH phenotype among CKD patients versus 302 (24%) for pre-capillary (P < 0.001). CKD was independently associated with pulmonary hypertension (odds ratio ¼ 1.4, 95% confidence interval ¼ 1.18-1.65). Mortality among CKD patients rose with worsening stage and was significantly increased by PH status. PH is common and independently associated with mortality among CKD patients referred for right heart catheterization. Post-capillary was the most common etiology of PH. These data suggest that PH is an important prognostic co-morbidity among CKD patients and that CKD itself may have a role in the development of pulmonary vascular disease in some patients.
Introduction
Chronic kidney disease (CKD) is common in the USA, affecting over 25 million people. 1 Pulmonary hypertension (PH) and CKD often co-exist [2] [3] [4] and prior studies suggest that PH is associated with increased mortality in patients with CKD. 3, 4 Moreover, the prevalence of PH increases across CKD stages in a dose-response manner, an observation that suggests a potential direct relationship. 5 Despite increased recognition of PH as an important contributor to mortality among CKD patients, little is known about the etiology of PH in patients with CKD. 6 Epidemiologic and long-term outcome data are lacking on the impact of PH, particularly among patients with early stage CKD. 7, 8 Potential mechanisms for the development of PH in patients with CKD include endothelial dysfunction, increased flow through arterio-venous shunts, exposure to dialysis membranes, and elevated left ventricular filling pressure. 7 Most studies examining the link between CKD and PH have relied on Doppler echocardiography to identify PH. [3] [4] [5] 9, 10 This approach is limited because echocardiography cannot reliably measure left ventricular filling pressure, which is critical to discriminate pre-capillary from post-capillary PH. In the largest series to date with invasive right heart catheterization (RHC) data, Navaneethan et al. reported an increased mortality in a cohort of PH patients with CKD, 4 but did not investigate a population of CKD patients for the presence of PH. The hemodynamic profiles of PH (pre-capillary PH versus post-capillary PH) in the CKD population have not been fully explored. Therefore, studies employing invasive hemodynamics are needed to gain insight into the etiology of PH among CKD patients. Moreover, prior studies have lacked information about important co-morbidities and echo variables that may influence the relationship between PH and CKD.
In this study, we investigated the etiology of PH in a large referral population of CKD patients undergoing RHC. Furthermore, we evaluated the effect of PH on mortality. We hypothesized that the prevalence of PH and riskadjusted mortality would increase across CKD stages and that the predominant etiology of PH among CKD patients would be post-capillary PH. Finally, we explored whether PH exists in the absence of established risk factors for pulmonary vascular disease (PVD) in patients with CKD, which would suggest a potential causal contribution. Some of the results of this study have been previously reported in the form of abstracts.
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Methods
Study population
This study was approved by the Vanderbilt University Institutional Review Board (#151223). We identified participants using the Vanderbilt Synthetic Derivative, a mirrorimage, de-identified version of the electronic medical record containing data on approximately 2.5 million patients. The design, implementation, and content of the Synthetic Derivative have been described previously. [13] [14] [15] We extracted clinical and hemodynamic data from all patients undergoing RHC at our institution during 1998-2014. The method of data extraction has been described in detail elsewhere. [16] [17] [18] In brief, we collected laboratory data, clinical diagnoses, and echocardiographic data closest in time to, but no greater than six months before or after, the date of RHC. Only medications prescribed prior to RHC were extracted. Co-morbidities were defined by International Classification of Diseases-9 codes in the medical record prior to RHC or as defined by previously validated algorithms. 18, 19 Patients with inadequate RHC data (defined by the absence of right ventricular and pulmonary arterial pressures) (n ¼ 150), acute myocardial infarction (n ¼ 264), complex congenital heart disease (n ¼ 151), chronic pulmonary embolism (n ¼ 18), previous cardiac or lung transplantation (n ¼ 362), or extreme physiology (n ¼ 217), as previously defined, 15, 19 were excluded.
Definition and classification of chronic kidney disease
Renal function was determined from the estimated glomerular filtration rate (eGFR) using the CKD-EPI creatinine equation and the laboratory values closest to the procedure from any time before the RHC or within 30 days after. CKD stage was defined by accepted eGFR thresholds: 20 CKD stages III, IV, and V were defined as GFR 30-59, 15-29, and < 15 mL/min/1.73 m 2 or on dialysis, respectively. Recognizing that at the time of RHC many patients may have transient changes in their eGFR, we excluded patients with stage II CKD to improve our specificity for clinically relevant CKD. A random sample of 50 cases were manually reviewed to ensure that eGFR was being appropriately identified by our algorithm with a > 95% accuracy for correct identification of significant chronic renal dysfunction. These cases were reviewed to ensure that the eGFR was not reflective of a transient drop in renal function, but rather actual clinically significant chronic renal impairment. Of the 50 cases reviewed, only one was attributable to a transient change in renal function.
Definition and classification of pulmonary hypertension
PH was defined as a mean pulmonary artery pressure (mPAP) ! 25 mmHg as measured by invasive RHC, and classified as either pre-capillary PH or post-capillary PH. Pre-capillary PH was defined as a mPAP ! 25 mmHg and a mean pulmonary artery wedge pressure (mPAWP) 15 mmHg and post-capillary PH was defined as a mPAP ! 25 mmHg and mPAWP > 15 mmHg according to consensus statements 21 and using previously published automated extraction methods. 19 Co-morbid established PH risk factors including liver disease, human immunodeficiency virus, lupus, scleroderma, interstitial lung disease, chronic obstructive pulmonary disease (COPD), obstructive sleep apnea, and hypoventilation syndrome were identified in advance of our analysis.
Outcomes
The primary clinical outcome was all-cause mortality in patients with CKD. The Synthetic Derivative is linked to the social security death index to provide vital status. Survivors were censored at the time of last medical contact with the Vanderbilt system (e.g. date of last hospital discharge, clinic visit, or medication prescription) through 24 December 2015.
Statistical analysis
Data are reported as median (interquartile range [IQR]) or frequency (%), as appropriate. Clinical characteristics were compared between groups using the Wilcoxon rank sum test for continuous variables and the Chi-square test for categorical variables. Multivariate logistic regression models were created to assess the association between CKD stage and PH adjusting for variables that were selected a priori based on clinical relevance. Kaplan-Meier curves of unadjusted mortality during the available follow-up period were calculated and censored at the time of last medical contact. Cox proportional hazard models were fitted to assess the association between CKD stage and mortality adjusting for pre-selected covariates.
Results
In total, our analysis included 4635 patients who underwent RHC (Fig. 1) . The most common indications for RHC were ischemic heart disease, heart failure, PH, and aortic valve disease. The median interval between RHC and eGFR measurement was 0 days (IQR ¼ 0-2 days). CKD stage III or greater was present in 1873 (40%) of patients, with a prevalence of CKD stage III, IV, and V individually being 1518 (33%), 230 (5%), and 125 (3%), respectively. PH was present in 1267 (68%) patients with CKD and the prevalence of PH increased with increasing CKD stage (P < 0.001; Fig. 2 ). Basic demographics and clinical characteristics of CKD patients with and without PH are compared in Table 1 . Important differences between those with PH versus those without include younger age (64.9 years versus 67.0 years; P < 0.001), higher percentage of black race (14% versus 6%; P < 0.001), and higher BMI (29.1 versus 28.3; P ¼ 0.002). Participants with PH had increased rates of co-morbidities including diabetes (25% versus 16%; P < 0.001), heart failure with reduced ejection fraction (28% versus 17%; P < 0.001), heart failure with preserved ejection fraction (33% versus 21%; P < 0.001), scleroderma (3% versus < 1%; P < 0.001), OSA (14% versus 9%; P < 0.004), and COPD (11% versus 8%; P ¼ 0.02). Those with PH had higher right atrial pressure (11 mmHg versus 4.0 mmHg; P < 0.001) and higher brain natriuretic peptide (BNP) (582 versus 259; P < 0.001). Participants with PH were slightly less likely to have hypertension (HTN) (76% versus 83%; P ¼ 0.001).
Hemodynamic etiology of PH
Post-capillary PH was the predominant PH phenotype among CKD patients referred for RHC: 965 (76%) versus 302 (24%) for pre-capillary PH (P < 0.001). The prevalence of combined PH, defined as post-capillary PH with a diastolic pressure gradient (DPG) of ! 7 mmHg, was 201/965 (21%). The prevalence of post-capillary PH increased with worsening CKD stage whereas pre-capillary PH decreased with escalating CKD stage (Fig. 2) . Mean right atrial pressure was greater (13.1 AE 6.7 mmHg versus 8.1 AE 5.4 mmHg, P < 0.001) in the post-capillary PH group compared with the pre-capillary PH group. The demographics and clinical characteristics of CKD patients with pre-capillary PH versus post-capillary PH are compared in Table 2 . Pre-capillary PH patients were more likely to be women and have other established pre-capillary PH risk factors such as intrinsic lung disease, lupus, and scleroderma. A total of 176/302 (58%) patients with CKD and precapillary PH had no established risk factors for PVD including no evidence of liver disease, human immunodeficiency virus, lupus, scleroderma, interstitial lung disease, COPD, obstructive sleep apnea, and hypoventilation syndrome. CKD patients with pre-capillary PH and no established risk factors, were more likely to be women (75% versus Fig. 1 . Flow-diagram of study population. PH, pulmonary hypertension; CKD, chronic kidney disease; RHC, right heart catheterization. 49%; P < 0.001), have less coronary artery disease (32% versus 55%; P < 0.001), and have a higher hemoglobin (13.0 gm/dL versus 12.2 gm/dL; P < 0.001) when compared with other CKD patients without known risk factors for PVD.
Outcomes
In the multivariate analysis of the entire cohort adjusting for 24 Mortality among CKD patients was significantly increased by PH status. In unadjusted analyses, CKD or PH individually had a nearly identical impact on mortality (Fig. 4a) . The combination of both CKD and PH was associated with the highest mortality. Among patients with PH, mortality was lowest in those with normal renal function and increased in a graded fashion with CKD stage (Fig. 4b) . In an adjusted Cox regression analysis of all patients undergoing RHC, CKD was independently associated with mortality (CKD III hazard ratio [ (Fig. 6 ). There was also no mortality difference between post-capillary PH and pre-capillary PH when CKD stages were considered individually (P ! 0.4 for all comparisons).
Discussion
We examined the prevalence, etiology, and outcome of PH among CKD patients in a large electronic medical record (EMR)-based population referred for RHC . We found that PH is common among patients with CKD and independently associated with higher mortality. The HR of 1.4 is relatively modest; however, CKD represents a large population that is at risk. PH prevalence and the hazard for death increased as the severity of CKD worsened. Consistent with smaller studies, 10 post-capillary PH was the predominant PH phenotype among CKD patients; however, we also identified a significant number of CKD patients with pre-capillary PH without any known risk factors for PH. This observation is important because it suggests a possible direct pathophysiologic relationship between CKD and PH. Our study provides novel information compared with prior studies in this area by demonstrating the prevalence of PH within a large CKD population using invasive data and demonstrating an independent association between CKD and PH after controlling for 17 relevant clinical variables. This has yet to be shown with invasive data allowing a 22 Second, invasive catheterization provides a more accurate estimation of left heart filling pressures, which allowed us to distinguish between pre-capillary PH and post-capillary PH. Accurate discrimination of these two phenotypes is important because the treatment and underlying etiologies differ. In our cohort, post-capillary PH was by far the most common PH phenotype among CKD patients and the post-capillary proportion increased across CKD stages. This has been attributed to the high frequency of co-morbidities contributing to both CKD and post-capillary PH (e.g. hypertension and diabetes). CKD has long been understood to co-exist with systemic hypertension and heart disease 23 and has been associated with a high frequency of atherosclerosis and left sided structural remodeling. [23] [24] [25] Similarly, age, left-ventricular hypertrophy, hypertension, and left ventricular systolic dysfunction have also been associated with PH. 3, 21, 26, 27 Given the degree of overlap between CKD and left-sided heart disease, the predominance of post-capillary PH did not come as a surprise. In addition, many patients with advanced CKD have a chronic volume overloaded state that exacerbates these conditions. Our data include a large percentage of patients with moderate CKD (stage III; n ¼ 1518) which has been less well described in the literature. 5 Navaneethan et al. studied CKD stage III and IV patients within a cohort of PH and found increased mortality as well as a relationship between right atrial pressure and CKD. 4 Our study aimed to build off of this work by describing the hemodynamic etiology of PH among a cohort of CKD patients referred for RHC, as this has treatment implications. Our findings confirm the effect of PH on the mortality of CKD patients despite the mPAPs being only modestly increased across CKD groups; stage III 29 mmHg, stage IV 33 mmHg, and stage V 31 mmHg. These findings warrant careful observation for modest elevations in pulmonary pressures even in relatively early stage CKD.
Several potential mechanisms have been put forward to explain the co-existence of PH and CKD. Fibroblast growth factor 23 (FGF-23) is a marker of worsening renal function and has also recently been implicated as a causative factor in left heart disease. 28 FGF-23 has also been shown to be elevated and predict prognosis in patients with CKD and pre-capillary PH. 29, 30 Therefore, FGF-23 may have a direct effect on pulmonary vascular remodeling or an indirect effect by promoting left heart disease, which in turn leads to pulmonary vascular remodeling in those that are genetically predisposed.
Elevated right atrial pressure, which was strongly associated with PH in our data, may also be an important mediator of this relationship. Elevated right atrial pressure leading to renal vein hypertension is increasingly recognized as a contributor to CKD. [31] [32] [33] In turn, CKD may contribute to PH via increased renin-angiotensin-aldosterone-system activation 34 and inflammatory response 35 which have both been shown to be elevated in CKD and contribute to pulmonary vascular remodeling. [36] [37] [38] [39] [40] Worsening PH may then lead to further elevated right atrial pressure and worsened CKD in a reciprocal relationship. However, this is speculative and the elevated right atrial pressure may also be a result of, rather than a cause of, PH and CKD or both.
There was an apparent protective effect of HTN on the risk of PH in our CKD cohort. This association has been noted in a prior report by our group. 18 We suspect this is likely to be a treatment effect due to those with diagnosed HTN receiving more aggressive therapies compared to those with undiagnosed HTN. Our model also already partially corrects for the negative effects of HTN by controlling for other associated variables (e.g. LVH, diabetes, age).
The majority (58%) of CKD patients with pre-capillary PH did not have any identifiable risk factors for precapillary PH physiology. 41 This group has a striking preponderance of women (75%) compared with the CKD cohort referred for RHC at large (49%). This implies a genderspecific mechanism for the pulmonary vascular remodeling. The influence of sex on renin-angiotensin-aldosterone pathway activation has also been well documented via a number of mechanisms. 42 The rates of angiotensin-converting-enzyme inhibitor and angiotensin receptor blocker use in women compared with men in the CKD and entire cohort, respectively, were: 37% versus 47% (P < 0.001) and 31% versus 41% (P < 0.001). It is plausible that gender differences in the balance of renin-angiotensin-aldosterone system activation versus blockade may contribute to the increased rate of pre-capillary PH physiology in women with CKD, though this is speculative.
Limitations
Our findings should be interpreted in the context of several limitations. First, our cohort is subject to bias because all patients were referred for a clinically indicated RHC. Despite this limitation, EMR-based cohorts provide pragmatic advantages compared with creating similar cohorts prospectively, which can be expensive and impractical. 13 Although this approach limits our ability to report the true prevalence of PH in the CKD population, the use of a referral population may make our results more generalizable. Direct, invasive measurement of pulmonary pressures is the gold standard for the diagnosis of PH; 21 however, it can be subject to error. 43, 44 The RHC was performed at the discretion of the treating physician and therefore we are unable to standardize the technique and pressure tracings are not currently available for manual review in Vanderbilt's Synthetic Derivative. Notably, discrepancies between the computer-generated and manual mPAWP determination at end-expiration have been reported; [45] [46] [47] however, we have previously shown strong agreement between the computer-generated mPAWP values in our dataset and manually reviewed mPAWP values on a population level. 19 Furthermore, the large size of the dataset and multiple operators should compensate for any systematic error in data acquisition.
Additionally, as with all retrospective and EMR-based studies, accurate identification of co-morbidities with ICD-9 codes with or without supportive laboratory data is imperfect. However, we did utilize previously published methods to extract this data 17, 18 and the majority of our definitions were designed to be sensitive but not specific, which would bias our findings to the null hypothesis.
CKD patients with pre-capillary PH and no other risk factors for PVD were an interesting group in our study. One concern was that dialysis, particularly if done just before the RHC, may produce transient low mPAWP pressures compared with PAP giving the impression of pre-capillary PH physiology, when in fact high left ventricular filling pressures were present at other times. Only eight (4.5%) individuals in this group were on dialysis, making artificially low mPAWP due to recent dialysis an insignificant contributor to the pre-capillary PH cohort.
Conclusions
In this single-center EMR-based cohort, we found that PH is common among patients with CKD who were referred for RHC and that PH is independently associated with mortality. Although post-capillary PH is the predominant PH etiology, many CKD patients, particularly women, with precapillary PH have no identifiable risk factors suggesting the possibility of a contributory relationship. Further research is warranted to determine if CKD has any direct impact on the pulmonary vasculature that may explain the association between PH and CKD. Prospective studies utilizing biological samples would allow more accurate phenotyping, biomarker analysis and genotyping. This information could be used to design mechanistic studies and, potentially, lead to novel therapeutic targets.
